Transmembrane channels have been found in the membrane fraction of corn (Zea mays W64AN) mitochondria that exhibit a remarkable resemblance to the voltage dependent anion-selective channels (VDAC) located in the outer membrane of animal (Rattus norvegicus), protist (Paramecium aurelia), and fungal (Neurospora crassa) mitochondria.
Mitochondria have an inner and an outer membrane. The inner membrane is known to be involved (among other functions) in the processes of cellular respiration, and the generation of ATP. In contrast, the exact function of the outer membrane is not as well understood. Early research on the outer membrane of isolated mitochondria indicated that the outer membrane is freely permeable to molecules as large as several thousand daltons (17, 19, 26, 27) . In animals (Rattus norvegicus), protists (Paramecium aurelia), and fungi (Neurospora crassa), the permeability ofthe outer mitochondrial membrane has been demonstrated to be due to large transmembrane protein channels, which form 3 to 4 nm in diameter aqueous pathways through the membrane (2, 10, 12, 24) . These channels are distinguished from all other channels by their location in the outer membrane of mitochondria, and by three characteristic properties: (a) the magnitude of their single channel conductance, (b) their weak anion selectivity, and (c) the nature of their voltage dependence (4, 11, 24) . Channels meeting these criteria are denoted by the name VDAC2 (24) .
The name VDAC describes the functional properties of the channels, and stands for voltage dependent anion-selective channel (24). These VDAC channels exist in at least two states: a high conductance or 'open' state, and a low conductance or 'closed' state (2, 4, 7, 23, 24) . They are referred to as being voltage dependent because the probability of which state the channels will be in at a given instant in time is a function of the voltage difference across the membrane containing them (2, 4, 7, 23, 24) . The VDAC channels are also anion selective since they preferentially allow anions to pass through them as opposed to comparably sized and charged cations (3, 24) . ' Supported by National Institutes of Health grant No. GM28450.
2 Abbreviation: VDAC, voltage dependent anion-selective channels.
In higher plants, negatively stained outer mitochondrial membranes have been examined by EM. Points of stain with average center to center spacings of 4.5 nm were observed (18) . Channels have been extracted from mung bean mitochondrial outer membranes whose pore size is very similar to VDAC channels (28). These findings suggest that there are large transmembrane channels in the outer membrane of higher plant mitochondria. A study of these channels could prove to be quite interesting since all mitochondria examined to date have been shown to possess VDAC channels (2, 4, 7, 23, 24) . Thus, any observed differences in properties between the channels in higher plants and VDAC channels (found in the mitochondria of other life forms) might imply that higher plant mitochondria are regulated, and function in a different manner. (It has been proposed [4, 7] that VDAC may regulate mitochondrial function by controlling the flux of metabolites between the cytoplasm and the intramembrane space). If, on the other hand, VDAC's properties were found to be conserved in higher plants, it Rf1) and VO (the x-intercept).
RESULTS AND DISCUSSION Channel Formation. Planar phospholipid bilayer membranes were generated (as described in "Materials and Methods") in symmetric aqueous solutions. They were observed to have a very small current (number of ions crossing the membrane per unit time) of 10-'3 amp flowing across them in response to a 10 mV applied voltage. This extremely small current across the bilayers was steady, and indicated the formation of rather impermeable membranes. An aliquot of the Triton X-100 extracted corn mitochondrial membranes was added (under constant stirring) directly to the cis side aqueous solution bathing the bilayer. Usually within 20 s ofthis addition, we observed several uniform stepwise increases in the current flow across the bilayer, which were then followed by erratic fluctuations in the current flow (Fig. 1, A and B) . The fluctuations may be due to conducting elements of an unknown nature inserting into the bilayer. The initial discontinuous increases in the current flow across the bilayer are characteristic of channel formers. Each initial current increase then represents the insertion of a transmembrane channel from the aqueous phase. The uniformity ofmost ofthe initial current increases leads one to conclude that these corn channels represent a single population.
From the initial corn channel insertions in Figure 1 (A and B), it was possible to construct a histogram of corn channel conductance by converting the current increase associated with an insertion to a conductance increase (Fig. 2) . As Fig. 1, A and B) were used, with a total of 187 insertions represented in the histogram. There was very good reproducibility from record to record. The two compartments of the chamber contained aqueous solutions of 1 M KCI, 5 mm CaCI2, and the bilayers used were generated as described in "Materials and Methods." The corn channels were inserted in the presence of a 10 mV applied electrical driving force.
channel conductance increments smaller and larger than the approximate average were also observed. The smaller conductance increments are also seen in VDAC channel conductance histograms, and may represent individual corn channels inserting in a lower conductance state as postulated for VDAC channels (2) . The larger conductance increments might be due to the fact that the naturally occurring membrane arrangement of these channels is in triplet units as was found to be the case with Neurospora crassa VDAC channels (13) . A possible explanation for the rarity of these large insertions might be that the Triton X-100 solubilized the triplets into doublets and singlets.
Channel Voltage Dependence. Following the insertion of corn channels into the bilayer as shown in Figure 1 (A and B) Fig. 3 ). Note that when the 35 mV was applied, the current flow across the bilayer first increased instantaneously due to the increased electrical driving force, and then decreased stepwise as the individual corn channels shifted to the lower conductance state. Due to the stochastic nature of the channels, the rates of channel 'opening' and 'closure' were not well defined if the membrane contained only a few channels. The presence of many channels in the bilayer alleviated this problem. With a large number of corn channels present in the bilayer, the shift from the open to the closed state when 30 mV was applied was seen as a smooth decrease in the current flow across the bilayer (Fig. 3) . Observe that when the applied voltage was reduced from 30 mV to 10 mV, the current level returned to its value prior to the 30 mV pulse showing that the corn channels shifted from the closed to the open state at a rate much faster than the recorder's response time (inset B, Fig. 3) . Thus, the corn channels shifted from the open to the closed state more slowly than from the closed to the open state, which is also the case with VDAC channels (4) .
With a large number of corn channels in the bilayer, the applied voltage was varied from 0 mV to + and -55 mV at a rate of 12.2 mV/min using the sweep generator. This procedure yielded a plot of current flow across the bilayer versus applied voltage. The current flow was then converted to conductance (as described in "Materials and Methods") to make the plot shown in Figure 4 of conductance (G) versus applied voltage (V). As the applied voltage was increased from 0 mV to 55 mV in either the positive or negative direction, the conductance of the corn All bilayers were generated as described in "Materials and Methods." channels decreased (Fig. 4) . This means the corn channels are voltage dependent since the probability of which state (open or closed) the channels will be in at a given instant in time is a function of the voltage difference across the membrane containing them. VDAC channels are also voltage dependent in this fashion (4) . The steepness of the corn channel voltage dependence (n) was found to be 3.8 ± 0.1 (eight estimates), while the applied voltage at which half the channels were open (VO) was 20 ± 2 mV (eight estimates) (see "Materials and Methods"). The previously reported values for VDAC channels (measured under the same conditions) ranged from 3.5 to 4.5 for n, and 20 to 25 mV for VO (6, 24) .
Channel Selectivity. The selectivity of the corn channels was determined with asymmetric aqueous solutions (see "Materials and Methods") in the compartments of the chamber. The corn channels were inserted into the bilayer directly from the aqueous phase as before except with no applied voltage. A current flow through the bilayer was observed as the corn channels inserted in a stepwise fashion even though there was no applied electrical driving force. A + 10.2 mV (positive on the high salt side) applied voltage was required to bring the current flow through the bilayer to 0 (mean of two estimates, 10.0 and 10.4). This voltage is known as the reversal potential, and can be used to supply information on channel selectivity. Using the Goldman, Hodgkin, and Katz equation and the corn channel reversal potential, the ratio of chloride ion to potassium ion permeability was determined to be 1.7 (the concentrations in the Goldman, Hodgkin, and Katz equation were converted to activities using activity coefficients from Robinson and Stokes [21] ). Thus, the corn channels are weakly anion selective just like VDAC channels whose ratio of chloride ion to potassium ion permeability is also 1.7 (6 [2, 4, 7, 23, 24] 
